the average gives a root-mean-square deviation (rmsd) NOEs. This behavior is typical of exposed flexible re- ( Figure 1 ). The three-stranded ␤ sheet has the strand Secondary structure elements order 1-3-2 and displays the usual left-handed twist. (9-16, 21-25, 31-39, 41-45, 53-59, and 62-74) immediately by the C-terminal helix ␣3, which packs b Calculated according to Sippl (1993) .
back against the protein core.
c Calculated with WHATIF (Vriend, 1990) . d Rmsd calculated from the average structure calculated by a best fit of residues 4-27 and 35-74.
The C-Terminal Helix Is Essential for the KH Fold
The hydrophobic residues of the three strands cluster on one side of the ␤ sheet and pack against the hyby a strongly conserved glycine coinciding with the drophobic amino acids of the three ␣ helices, thus buildarchaebacterial NusA protein C-termini (Gibson et al., ing the hydrophobic core of the structure. 1993). Unfortunately, constructs based on this assignTwo essential residues of the core are His-21 and Ilement all produced unfolded peptides, suggesting that 32. His-21 is positioned at the beginning of helix ␣1 and the domain boundaries had not been correctly assigned is surrounded by Ile-55, Ile-16, Pro-46, Ile-45, and Asn-(Castiglione Morelli et al., 1995) . Further inspection 53 ( Figure 1b ). These contacts position the ␣1 helix in an showed that most KH motifs are preceded and followed orientation approximately orthogonal both to the strand by a stretch of about 18 amino acids with high helical plane and to ␣2. The side chain of Ile-55 points directly propensity, perhaps suggesting a helix-KH-helix patonto the aromatic ring of His-21, as revealed by its ␦ tern. However, good yields in expression and purificaprotons, which are ring-current shifted to the most high tion were obtained only for those constructs containing field shifted resonances of the proton NMR spectrum the KH motif and C-terminal helix. This, therefore, ap-(0.24 parts per million [ppm] ). The core role of His-21 is peared to represent the full domain. The KH-preceding also suggested by multiple sequence alignment (Gibson helices were an artifact caused by incompletely deteret al., 1993) : while a histidine is conserved in all the vigilin mined N-terminal sequences for several proteins.
domains, all the other KH-containing proteins have a hydrophobic residue at the corresponding position.
The KH Domain Folds into a Compact
Several contacts between Lys-36 and Val-41 and beGlobular Structure tween Phe-20 and Ile-45 position ␣2 relative to the first A detailed account of the NMR spectrum assignment of helix and the second strand. ␣2 is almost parallel to one the Vig-6 KH has been described in Castiglione Morelli of the two external strands (␤2), thus protecting the et al. (1995) . Tertiary structure calculations used an iterahydrophobic residues of this strand from the solvent. tive protocol that progressively incorporates new reThis shielding function is complemented by the amphistraints on the basis of calculated structures and a nupathic character of ␣2, which contains only two hyclear Overhauser effect (NOE) spectroscopy cross-peak drophobic residues (Ile-32 and Ile-35) spaced one helical list. The final structures were based on 1192 interatomic turn apart. These two isoleucines are critical to the ␣2 distance restraints. The quality of the final structures is hydrophobic interaction, contacting residues such as very good, as judged by their geometry and other quality Ile-24 on ␣1 and Val-43 and Ile-45 on ␤2 (Figure 1c ). tests (Table 1) . A bundle of the final set of 40 best strucHelix ␣3, extending almost to the end of the construct (Leu-74), is particularly well structured, as assessed by tures is shown in Figure 1a . Structure superposition on the observation in the NMR spectra of most of the NOEs and room temperature, the CD spectrum of the wild type, with minima at 208 and 222 nm (Figure 2a ), is typitypical for helices. This long helix folds back onto the ␤ sheet, with unambiguously identified contacts with cal of a well-folded protein with a substantial ␣-helical content. Thermal denaturation curves obtained followboth the first helix (20-75) and the sheet (58-64 and 59-64). Thus, ␣3 is essential for the stability of the doing the ellipticity at 222 nm as a function of the temperature show that under these conditions the protein is main, because it covers the hydrophobic surface of the ␤ sheet.
relatively stable, with a melting point around 60ЊC (data not shown). The far ultraviolet spectrum of the mutant lacks the minimum at 222 nm, while showing a new The Ile-32→Asn Mutation Destroys the KH Fold To investigate the structural effects of the point mutation minimum at 200 nm ( Figure 2a ). Based on this spectrum, the mutant is completely unfolded. The wild-type NMR Ile-304→Asn responsible for the aggravated phenotype of fragile X (De Boulle et al., 1993) , we expressed and spectrum recorded at pH 7 shows very good signal dispersion, including the presence of low field resopurified the analogous mutant of Vig-6 (Ile-32→Asn). In contrast with the wild type, where low salt conditions nances from the water signal (peak at 4.7 ppm), typical of ␤-sheet proteins ( Figure 2b ). The presence of signals were needed for optimal solubility, the mutant required 50 mM NaCl (at pH 7 with 20 mM Tris-HCl) to avoid at high field is indicative of strong interactions between aliphatic protons and aromatic rings characteristic of precipitation. The folding characteristics of the mutant and wild type were compared using circular dichroic hydrophobic cores: here the resonances at 0.50 and 0.05 ppm correspond to the two methyl groups of Ile-(CD) and one-dimensional NMR spectroscopies. While CD gives overall indications about the fold, NMR pro-55 shifted by His-21 (Castiglione Morelli et al., 1995). In contrast, the NMR spectrum of the mutant has general vides detailed information along the sequence. At pH 7 (dsRBD) (Bycroft et al., 1995; Kharrat et al., 1995) , although with nonequivalent topology.
As in the RNP motif and the dsRBD (as well as in many other protein modules), the N-and C-termini of the KH domain extrude from opposite ends of the structure; therefore, in proteins with several KH repeats, such as vigilin, the domains can be arranged consecutively in space.
Multiple Alignment Revisited
Having established the importance of the extra C-terminal helix for the stability of the fold, the alignment of members of the KH family was reexamined using an extended KH domain profile (Figure 3 ). For most KH motifs, the consensus could be extended to include the additional helical periodicity. The C-terminal boundaries of both KH domains of FMR1 needed revision. In the first KH of FMR1, the extra helix follows ␤3, coinciding with the previously assigned linker connecting the two KH motifs (Figure 3 ). The second KH of FMR1 has been especially problematic because no satisfactory match to the consensus for ␤3 was found in the region contiguous to ␤2. This difficulty was compounded by a failure to appreciate the need for ␣3. In the light of the Vig-6 structure, the missing elements were found following an approximately 70 residue insertion after ␤2, which is not present in the homologous FXR proteins . The ␤2/␤3 has very low length conservation and high tolerance to large insertions, e.g., 54 residues in CeM88.5/3 (Figure 3 ). This indicates that the region is unimportant for both structure and function, in agreement with the high flexibility of the loop deduced from the NMR spectra. The Sam68 family form a notable excep- seems probable that in such sequences the role of the C-terminal helix in burying the inner surface of the ␤ features typical of a random coil, with no dispersion of sheet is taken by other regions of the protein.
To avoid the resonances (Figure 2c) . The signals at high field further semantic confusion, we suggest that the family disappear, indicating that Ile-55 no longer packs against containing the additional helix should be referred to as His-21.
maxi-KH (three strands and three helices) and the other, with boundaries according to the original definition (GibDiscussion son et al., 1993), as mini-KH (three strands and two helices).
Similarity with Other Structures
The structure of a representative KH module shows a mixed ␣␤ fold with a topology reminiscent of, but distinct Implications for RNA Binding The KH is the least understood of the three known small from, the MuA transposase DNA-binding domain (Clubb et al., 1994 ). An additional structure picked up when globular RNA-binding modules (reviewed by Burd and Dreyfuss, 1994; Mattaj, 1993) . RNP motifs are the most searching the Brookhaven Protein Bank for fold similarity is the U1A RNP domain (Oubridge et al., 1994 ) (with abundant class (reviewed by Birney et al., 1993) , binding ssRNA with varying degrees of sequence specificity. The an rmsd of 3.1 Å on 59 atoms). The U1A structure is formed by two intercalated ␤␣␤ units. Nevertheless, the dsRBD occurs in proteins that bind to dsRNA, usually in the form of hairpin duplexes. Solved dsRBD structures similarity between the two structures does not convincingly support the existence of a common ancestor. An have suggested the location of the dsRNA-binding site (Bycroft et al., 1995; Kharrat et al., 1995) . KH domains ␣␤ fold is also present in another RNA-binding domain, the double-stranded RNA (dsRNA) binding domain occur in a number of proteins that bind nonspecifically The numbers of residues not shown in long insertions are enclosed by angle brackets (< >). Summary lines are as follows: Lesions, sites of known mutations in GLD-1 (G), FMR1 (F), and BICC (B); RNA_Xlink, the site in S3 KH that cross-links to mRNA; ␣_signals, conserved helical periodicity (number sign [#], strong; percent sign [%], semiconserved); Helices, the Vig-6 helices; ␤_signals, conserved strand periodicity; Strands, the Vig-6 strands; KH_Limits, mini-and maxi-KH boundaries; Vig/6_No., numbering for the Vig-6 construct; KH_No., numbering for the conserved elements of KH domains. Glycine and proline residues are colored orange and yellow, respectively. Other coloring is by conserved property in >40% (>30% for lysine, arginine, and histone) of a column: blue, hydrophobic; light blue, partially hydrophobic; red and magenta, positive; purple, negative; green, hydrophilic. See Experimental Procedures for EMBL database accession numbers.
Homology Modeling of FMR1 KH Domains
To obtain preliminary insights into the structure of FMR1, models of the two maxi-KH repeats of this protein were built from the coordinates of the average structure of the Vig-6 domain and from the revised sequence alignment ( Figure 5 ). As in Vig-6, the hydrophilic residues of the ␤ sheet in the first maxi-KH of FMR1 are all grouped on the solvent-accessible face. The hydrophobic residues of the ␤ sheet are clustered on the opposite face and pack against the three helices, forming the hydrophobic core of the domain. In contrast, the ␤ sheet in the second maxi-KH of FMR1 possesses hydrophobic residues on both sides. The exposed hydrophobic residues could form sites for the interaction of the FMR1/FXR proteins, since the KH domains are essential for complex formation . Positively charged and hydrogen bond-donating residues are found in both domains of FMR1 in the region encompassing the first and second helices and the GkxG loop, reflecting its potential role in RNA interaction. 
Consequences of KH Mutations in FMR1,
loop (yellow).
BICC, and GLD-1
Mutation of the position equivalent to Ile-304 in FMR1 to ssRNA with, as yet, no examples of RNA sequence results in either the lowering of the affinity of RNA bindspecificity.
ing or its complete abolition (Siomi et al., 1994) . Our Analysis of the multiple sequence alignment and the results provide conclusive evidence that this mutation Vig-6 KH structure suggests a possible RNA recognition (equivalent to Ile-32→Asn in our construct) will comsurface. The most strongly conserved motif in the KH pletely disrupt the structure of the second KH domain alignment is the GkxG tetrapeptide between helices ␣1 of FMR1, explaining its severe effect on the RNA-binding and ␣2 (Figure 3) . The central positions of this loop are function of the protein. All FMR1-containing complexes occupied by semiconserved positively charged amino would be affected by the mutation. The weaker phenoacids (Lys-27 in our Vig-6 construct). Since this setype of the FMR1 loss of expression mutants could indiquence is part of an exposed flexible loop, the conservacate partial compensation, due to overlapping function tion is not easily explainable by structural criteria (Figure  of the FXR homologs. 4). The loop flexibility could be an intrinsic feature of In BICC, the loss of function point mutation Glythe KH motif and have a functional role. As observed 295→Arg falls within the third KH repeat (Mahone et al., for the RNP motif (Oubridge et al., 1994) and suggested 1995) . This mutation corresponds to the conserved Glyfor the dsRBD (Bycroft et al., 1995; Kharrat et al., 1995) , 59 present at the end of strand ␤3 in our vigilin construct an induced fit to the RNA upon binding could stabilize (Figure 3 ). Substitution by arginine would insert a bulky, the loop structure. Evidence that the helical side of the charged side chain into the KH hydrophobic core and KH domain interacts with RNA comes from ribosomal is bound to have severe structural consequences. protein S3, which can be chemically cross-linked to As in BICC, the three point mutations isolated in the bound mRNA from the exposed position 37 on helix GLD-1 KH domain are also glycine replacements (Jones ␣2 (Urlaub et al., 1995) . The cross-link indicates spatial and Schedl, 1995). However, in this case, they fall into proximity of this residue with RNA, but not necessarily two very distinct phenotypic classes. The substitution direct contact.
Gly-227→Asp(Ser) exhibits the full GLD-1 loss of funcOf the proteins with highly repeated KH domains, five, tion phenotype. Gly-227 is the first glycine of the GkxG vigilin, Scp160, BICC, PSI, and C06G4.1, have divergent motif (corresponding to Gly-26 in the vigilin domain). It KH domains with insertions or deletions in the GkxG is unlikely (but cannot be fully ruled out) that the KH fold is destabilized, since this region of the structure is quite loop: in these repeats the loop itself lacks sequence conservation (Figure 3) , suggesting that RNA-binding flexible. Given the evidence that this residue is at the RNA-binding site, the mutation seems likely to result in affinity of the repeats is varied in multi-KH proteins. This could ensure that the combinatorial affinity of several substantially lowered RNA affinity. By contrast, the two mutations Gly-248→Arg and Gly-250→Arg both exhibit KH repeats for RNA is not too strong, or would allow regulatory processes to modulate the RNA-binding abila change of function phenotype, termed MOG (for masculinization of germline). These mutations map within ity of the protein.
A partial preference for positively charged residues is the flexible fourth loop of the Vig-6 domain structure and correspond to the exposed residues Pro-47 and also observed on ␣2 and ␣3, in particular in the sites corresponding to 33, 34, 36, 68, 69, . The sequence of this loop is highly variable in all the KH domains except the Sam68 group, to which bering (Figures 3 and 4) . RNA binding could therefore extend to other parts of the ␣-helical side in addition to GLD-1 belongs. Since the mutations cause a partial phenotype, they appear to disrupt only one specific function the GkxG loop. Models are based on the coordinates of the Vig-6 average structure and the new sequence alignment (Figure 3) . Coloring is as follows: magenta, the backbone atoms; green, the hydrophobic side chains; yellow, the position affected by the mutation (isoleucine to asparagine) at residues Ile-241 and Ile-304) of the FMR1 protein.
Structure Calculation
of GLD-1, while leaving intact other functions of the The calculations used simulated annealing (Nilges et al., 1991) al. (1995) , combines an iterative NOE interpretation scheme with dynamic assignment of ambiguous NOE cross-peaks 
Experimental Procedures
and is implemented in a suite of X-PLOR additions (M. N., unpublished data). The initial data set, consisting of 638 manually assigned Production of the Samples NOEs, was iteratively augmented from the list of automatically asThe Vig-6 domain was expressed and purified as described presigned cross-peaks. The final list contained 1192 restraints (578 viously (Castiglione Morelli et al., 1995) . The Ile-32→Asn mutation intraresidual, 261 sequential, 164 medium-range, and 190 longwas introduced using standard PCR-directed mutagenesis. The range NOEs). Details of the routines for restraint extraction, assignconstruct was cloned into a pET9d-derived plasmid vector between ment, distance calibration, and merging will be published elsewhere an engineered NcoI cloning site after the coding sequence for a (M. N. et al., unpublished data). The restraint list obtained after ten histidine tag (MKHHHHHHPM) and a KpnI site at the 3Ј end of iterations was visually inspected and then used to calculate a final the polylinker. The soluble protein was purified by Ni-NTA column ensemble of 120 structures, of which 40 were used for the final (Quiagen) chromatography and eluted with a linear gradient of 10-analysis. Floating assignment for prochiral groups was applied 250 mM imidazole (pH 7.0) in a standard lysis buffer. Peak fractions where no stereospecific assignments were available. were successively run through an SP-Sepharose column.
CD Measurements Distance Restraint Determination
Measurements were performed on a Jasco J-710 spectropolariAn initial list of distances was obtained from an 80 ms mixing time meter equipped with a cell holder thermostatically controlled by NOE spectrum recorded at 300 K. NOEs were integrated and calicirculating water from a Neslab RTE-110 water bath. A rectangular brated by the AURELIA software using the intraresidue distance quartz thermostated cuvette with 0.1 cm pathlength was used (Hell-H␣-NH of Val-64. We manually collected 638 NOE-derived restraints ma). All the spectra were baseline corrected by subtracting buffer (282 intraresidual, 176 sequential, 62 medium-range, and 72 longspectra. Observed ellipticity was converted to mean residue weight range NOEs). Stereospecific assignments were obtained for the ␤ ellipticity []/(degree.cm 2 dmol Ϫ1 ). The protein concentration was deproton pairs using the HABAS program (Guenthert et al., 1991) .
termined by measuring the dilution into 6 M guanidinium hydrochloHydrogen bonds were imposed between pairs of residues for which ride of a concentrated protein stock solution (1 mM), assuming all standard ␤-sheet interstrand NOEs were observed and for which tyrosine absorbance at 276 nm. An extinction coefficient of 1450 the amide proton was solvent inaccessible in solvent saturation M Ϫ1 cm Ϫ1 was used. The pH was adjusted by diluting aqueous soluexperiments (Castiglione Morelli et al., 1995) . For each hydrogen tions of peptide in 10 mM NaH2PO4/Na2HPO4 and 100 mM KCl. CD bond, two upper limit restraints were used between the HN-O (2.2 spectra were the average of five scans obtained by collecting data Å ) and N-O (3.2 Å ) atom pairs. Some hydrogen bonds were introat 0.5 nm intervals from 250-185 nm. After temperature-dependent duced as ambiguous distance restraints (e.g., at the C-terminus unfolding, we monitored the ellipticity at 222 nm from 4ЊC to 80ЊC at a heating rate of 20ЊC per hour. of ␣3).
